Accumulation of acid-stable and acid-labile C has been studied in cells isolated from cladophylis of Asparagm sprengeri regel as a function of the concentrations of the various inorganic C (Ci) species in the external medium.
It is widely accepted that CO2 is the species of C,2 which serves as the substrate of RuBPcase (e.g. 5). However, it is still a controversial question whether HCO3: ions in the medium con- tribute to the supply of CO2 to this enzyme in higher plant cells. An analysis of the dependence of photosynthesis in leaf slices on pH led to the conclusion that CO2 is the only Ci species which crosses the cell membrane (8, 15) . The same conclusion was reached by Espie and Colman (3) from a study on isolated Asparagus cells. On the other hand, a recent investigation using isolated protoplasts indicated that HCO3 ions may contribute directly to the supply of CO2 and that, if so, carrier-mediated HCO3 transport is involved (16) . ' Supported by a grant from the United States-Israel Binational Science Foundation (BSF), Jerusalem, Israel. The data are taken from a dissertation to be submitted by M. V. to The Hebrew University of Jerusalem in partial fulfillment of the requirements for a Ph.D. degree.
2Abbreviations: Ci, inorganic carbon; RuBPcase, ribulose 1,5-bisphosphate carboxylase; CA, carbonic anhydrase; EPPS, N-2-hydroxyethylpiperazine propane sulfonic acid.
A disadvantage of the protoplast system is that gradual lysis of the protoplasts releases CA to the medium. The presence of CA facilitates the rate of conversion between HCO3 and CO2 and hence the exact concentration of each of the Ci species in the medium at any given time is not known. In the present investigation, therefore, we have used a suspension of Asparagus mesophyll cells. We bring further evidence that HCO3 ions do in fact contribute directly to the supply of CO2 to photosynthesis. The nature of this contribution could be envisaged in two major ways.
First, it might result from the operation of an HCO3 transporting system. Second, there might be a resistance to CO2 diffusion into or within the unstirred layer adjacent to the cells. The CO2 concentration in this layer might thus be considerably lower than that in the bulk medium. Diffusion of HCO3 ions into this layer and its subsequent conversion to CO2 would then have great significance for photosynthesis. Experiments to be reported here were performed to elucidate the nature of the HCO3 contribution.
MATERIALS AND METHODS
Mesophyll cells were mechanically isolated from the cladophylls (1) of Asparagus plants grown in the greenhouse. The cladophylls (1-2 g) were gently ground in 4 ml medium containing: Naascorbate (5 mM), PVP-40 (1% w/v), and 5 mm Hepes-NaOH (pH 7.2). Isolated cells were washed twice by centrifugation (200g) and resuspended in the same medium. The rate of 02 exchange was determined with an 02 electrode (Rank Brothers, Bottisham, Cambridge, U.K.).
The photosynthetic accumulation of acid stable 14C as well as the intracellular level of inorganic carbon were estimated as described previously (16) . Cells were placed in dim light and aerated with C02-free air to minimize the amount of Ci taken with the cell suspension. Twenty 1d of cell suspension were introduced into microfuge tubes containing (from bottom to top) 20 the required volume to be injected into the cell suspension. Another sample was transferred to 0.1 N NaOH and the radioactivity in this sample was used to assess the loss of "4CO2 from the microfuge tubes. This procedure enabled an accurate determination of the CO2 concentration supplied to the cells and avoided alteration ofspecific activity between H"CO3 and "CO2. Carbonic anhydrase and the buffers were purchased from Sigma. Labeled compounds were: tritiated water and NaH"4C03 (Nuclear Research Centre, Israel) and ["Cimannitol (New England Nuclear).
Reproducibility of Results. All experiments were performed in trplicate and were repeated at least twice. The SE, expressed as percentage of the mean, was approximately 10 for CO2 fixation, and 18 for intracellular Ci determinations. Fig. 2 ). Both parameters, however, decreased with time presumably as the CO2 in the medium converted to HCO3-(see below). On the other hand, following HCO3 supply, the rate of photosynthesis increased with time presumably due to the formation of CO2 from HCO3 . These results strongly suggest that CO2 is the major Ci species utilized by the cells (3).
The possible contribution ofHCO3 was assessed in expeniments in which the time course of accumulation of acid-stable "C was determined following exposure of the cells to various concentrations of H14CO3-or 4C02 (Fig. 3, a and b, respectively) . The aim was to compare photosynthetic rates at the point in time at which the CO2 concentration was the same regardless of the form in which C1 was supplied. In four cases, the concentrations of HCO3-used (Fig. 3a) were selected such as to yield CO2 concentrations at equilibrium equal to those initially supplied as CO2 (similar symbols used in Fig. 3, a and b ). As in Figure 2 , the rate of photosynthesis increased with time in the case of HC03-supply at most concentrations and decreased in the case of C02 supply. This probably reflects the dependence on time of the CO2 concentration in the two cases (see Fig. 1 ). Also, as in Figure 2 , the rate of photosynthesis at a given Ci concentration was higher in the case of C02 supply than in that of HC03-supply. From the dependence of C02 concentration on time (Fig. la) (Fig. 4) indicate that, at low C1 concentrations, CA facilitated photosynthesis, but this effect diminished with increase in external Ci level. This data supports the suggestion that the diffusion of CO2 in the unstirred layer limits the rate of photosynthesis.
The extent ofaccumulation of acid-stable '4C, as given in Figure   4 , represents an integration with time ofthe rate ofphotosynthesis, which is time dependent (Fig. 3) . electrode, under steady-state conditions. The addition of CA increased the rate of 02 evolution at limiting Ci concentrations (Fig. 5) . At higher Ci levels, on the other hand, CA had no effect on the rate of 02 evolution. These results give strong support to the notion that the supply of C02 from HC03 to or at the unstirred layer limits the rate of photosynthesis. Figure 6 depicts experiments in which the time course of accumulation of acid-stable '4C and the level of the internal Ci pool were determined as affected by time, the form in which C, was supplied, and the presence of CA. The concentration of HC03 supplied was chosen so as to give the same C02 concentration at equilibrium as that supplied initially to samples given CO2. Therefore, at the pH used here (8.5) , the Ci concentration is some 120 times higher in the case of HC03 than in that of C02 supply. Figure 6 shows that, in spite of the fact that the initial C02 concentration was equal, the initial rate of photosynthesis was clearly higher in the case of HC03 supply in the presence of CA. time where HC03-was supplied. The data in Figure 6b suggest that CO2 may be the major species crossing the membrane. The fall in the level ofintracellular Ci would then be readily understood as reflecting the time-dependent fall in external CO2 concentration in the former case and its rise in the latter. Figure 7 presents direct evidence for these time-dependent changes. Observed values for the size of the intracellular Ci pool at various times at three pH levels are compared with theoretical curves for external CO2 concentration calculated with the aid of Figure 1 . Good agreement between the observed and expected is noted in this figure. It should be emphasized, however, that, in experiments in which high rates of photosynthesis were obtained, the observed level of intracellular Ci fell faster than would be expected on the basis of the expected alteration in CO2 concentration in the medium. This most probably reflects the utilization of CO2 in photosynthesis and indicates a resistance to the diffusion of CO2 through the cell membrane. Further, the discrepancy may have resulted from the CO2 concentration in the unstirred layer being lower than that predicted for the bulk medium, owing to diffusion limitations on one hand (see below) and utilization of CO2 in photosynthesis on the other.
The presence of CA lowered the photosynthetic rate in the case of CO2 supply (Fig. 6a) and also lowered the level of the intracellular Ci pool (Fig. 6b) . This is not surprising since CA will have accelerated attainment of an equilibrium in which the CO2 concentration in the medium was lower than in its absence.
The role of HC03-ions was further investigated in experiments of the type shown in Figure 8 . The external pH was varied in these experiments allowing HCO3 concentration to be varied while CO2 concentration was held constant. The accumulation of photosynthetic products was observed following 10 s of exposure to CO2 or HCO3 , over a pH range of 7 to 9, in the presence or absence of CA. The concentration of HCO3 supplied was calcu-to that initially supplied as CO2. The curve for photosynthesis in the case of HCO3 supply, in the presence of CA, lies well above that for CO2 supply. Figure 8 thus clearly demonstrates that, in the presence of HCO3 ions, photosynthesis was facilitated. It is likely that this effect is related to the unstirred layer (see below).
At pH values above 8.5, the rate of conversion between Ci species is higher. However, Figure 8 shows that the curve for HCO3 supply nevertheless actually rose above the curve for CO2 supply, suggesting direct transport of HCO3 ions. The rate of photosynthesis at saturating Ci concentration was hardly affected by the pH over the range of 7 to 9 in accordance with our observation that the internal pH was only slightly affected by the external pH at that range (Volokita, in preparation; 16).
DISCUSSION
The major Ci species permeating to the carboxylating site in our experiments would appear to be CO2. This conclusion is based on the results presented in Figures 2, 6 , and 7. The time dependence of the level of the intracellular Ci pool was in close agreement with the predicted external CO2 concentration in experiments carried out at three different pH values (Fig. 7) . Given the same Ci concentration, the rate of photosynthesis was higher when CO2 was supplied initially than when HCO3 was supplied (Fig. 2) . The rate of photosynthesis increased with time following HCO3 supply, whereas it fell following CO2 supply (Fig. 3 ) presumably due to interconversion between the Ci species. An experimental approach similar to that presented in Figure 8 has been used by Gutknecht et al. (7) to estimate the permeability coefficient of CO2 and HCO3 through a lipid bilayer and the unstirred layer adjacent to it. The data in Figure 8 , however, present the photosynthetic accumulation rather than the total flux of Ci. Thus, the permeability coefficients cannot be calculated. The permeability of the cells to CO2 might be evaluated from experiments in which the dependence on time of the intracellular Ci concentration is determined at different pH values (Fig. 7) . The following assumptions would have to be made: the different C1 species within the cells equilibrate rapidly and thus the intracellular CO2 concentration can be calculated from the intracellular Ci concentration and pH (16) ; the CO2 concentration in the bulk medium can be accurately assessed from data in Figure 1 ; and CO2 is in fact the only Ci species crossing the cell membrane. However, as discussed below, the CO2 concentration at the membrane surface during photosynthesis is significantly lower than that in the bulk medium due to the presence of the unstirred layer. This calculation therefore would at best yield an underestimate of the permeability coefficient for CO2.
This investigation provides evidence for a significant contribution of HCO3 ions to the supply of Ci for photosynthesis (Fig. 3,  6, 8 (6, 14) . The importance of the unstirred layer in the interpretation of transport studies has been stressed by a number of investigators (2, 12, 18 ). Gutknecht et al. (7) have provided a model demonstrating how the apparent facilitation of CO2 diffusion can be explained on the basis of the presence of HCO3 ions and CA in the unstirred layer. Our evidence, in particular the observed response to CA, is consistent with their model.
It has recently been suggested that the apparent HCO3 uptake in Chara (10) may in fact be due to proton extrusion leading to the formation of a relatively acid zone adjacent to the cells (4, 17) . The rate of conversion of HCO3 to CO2 at the acid zone will be higher than in the bulk medium. Even in this postulated acidified zone, however, the rate of conversion is apparently not nearly high enough to achieve rapid equilibration between Ci species, otherwise no response of the rate of photosynthesis to CA would be observable. In the system studied here (isolated Asparagus cells in a buffered medium), the postulated acidified zone does not play an important role (see also 1 1).
Apart from the contribution of HCO3 ions in the unstirred layer discussed above, results presented here, in particular Figures  6 and 8 , provide some indications in support of a more direct contribution of HCO3 ions to photosynthesis, possibly via an HCO3-transporting mechanism. Although the concentration of CO2 was much lower over the 1st 10 s in the case of HC03-as compared with CO2 supply (see Fig. la ), the rate ofphotosynthesis was similar (Fig. 6) . A similar effect can also be seen in Figure 8 where the curve for HCO3 supply rises above that for CO2 supply. It is difficult at present to estimate the contribution to photosynthetic rate of HC03-transport, if indeed it exists, because the unstirred layer effect discussed earlier overrides it. This is clearly demonstrated by the response of photosynthesis to CA. Further work will be required to determine the role of HC03-transport in the supply of Ci to the carboxylation site.
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